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Redes i~n  Sefore the January 3.937 Flood 

The Power Canal Diversion Dam in the S a l t  f i v e r  about 100 ~ n i l e s  
ea s t  of Phoenix, Arizona, and 22 rniles upstream froar the  b o s e v e l t  Dam 
(Figure 1) was or ig ina l ly  b u i l t  during the  period from 1903 t o  1Wo t o  
d iver t  water i n to  a canal  system f o r  supplying water t o  turbines in a 
temporary plant a't Roosevelt D a a  where the  e l e c t r i c a l  power generated 
was used t o  o p e r ~ t e  inachinery during the construction of Hoosevelt Dam. 
After the  completion o f  the Roosevelt Darn, the  systein was adapted t o  
maintain a constant head on cer ta in  power un i t s  in the permanent power- 
house during the seasonal f luctuation of the water surface i n  aoosevelt 
Reservoir. 

In  a flood in 1916, the  dam was p a r t i a l l y  destroyed, and it was not 
u n t i l  1935 t h a t  plans were made f o r  rebuilding it (Figure 2). A l:& 
model of t he  r i gh t  abutment and the r i gh t  end of the  spillway was b u i l t  
3h the Coborado Agricultural College Experiment Stat ion Hydraulic Lab- 
oratory a t  Fort  Collins, Colorado, in 1936 t o  obtai-: a design t h a t  would 
sa fe ly  and e f f i c i en t ly  handle a flood of 150,000 sec.ond-feet. 

Euring the flood of 1916, one sect ion of t he  spillway disappeared 
en t i re ly ,  and no one could account f o r  i ts  location. During the 1937 
flood, a f t e r  the spillway had been or ig ina l ly  reconstructed, t h i s  section 
was found downstrean from-the or ig ina l  a l inment .  Soundings below the 
reconstructed dam, a f t e r  the 1937 flood, showed deep scour between the  
darn and the "lost  section." Leadel s tudies ,  1:Z scale ,  of this coiabi- 
nation checked the f i e l d  measuraents and showed tha t  continued flood 
flow would move the Itlost section1' no t  downstream but upstrean. Under- 
mining at  the upstream s ide  would dis turb its e p i l i b r i u  and cause it 
t o  r o l l  toward the dam; i n  other words, an object  too heavy t o  m v e  
downstream might r o l l  upstream by underlilining. To prevent such an 
incident a t  the prototype and i ts consequent endangerruent of the  
reconstructed dam, the  old section was rernoved. 







Sn the  f i e l d  was not  avai lable ,  severa l  curves were computed us ing 
I various values of n and 3 in hianningts formula. The o r i g i n a l  t a i l w a t e r  

curve re fe r red  t o  in Figure 3 as t h e  minimum estimated, h a s  n = 0.03 
1 and s - 0.0019. The composition of t h e  r iverbed,  however, inclicated 
I 

t h a t  re t rogress ion ruight f u r t h e r  decrease t h e  t a i lwa te r  elevation. For 
t h i s  reason, an a r b i t r a r y  ct;rve 2 f e e t  below t h e  minimum estimated was 

I used t o  develop an apron and r i g h t  abutment. 

An i n t e r e s t i n g  and r a t h e r  s t a r t l i n g  incident ,  impossible t o  observe 
on t h e  prototype bocause of the  t u r b i d  condition of t h e  f lood water, was 
witnessed in t h e  1:24 zodel. The r i v e r  above t h e  dam c a r r i e s  a heavy 
bed load,  and during a f lood ba rs  form across t h e  dam completely covering 
it fop shor t  i n t e r v a l s .  In t h e  c l e a r  water of t h e  model it could be 
seen t h a t  holes were scoured t o  a depth of 12 f e e t  alonz the  upstream 
face  of t h e  spil lway c r e s t .  The ve loc i ty  of approach was high due t o  
t h e  shallow channel, and a s  the  water passed over t h e  c r e s t  an eddy 
fonned below t h e  up st re ax^ edge. This eddy picked up bed mate r i a l  near 
t h e  upstrearn face  of  the  dam and car r i ed  it dow~strecur,. The pocket 
increased in s i z e  u n t i l  the  i n t e n s i t y  of t h e  eddy was decreased, and it 
could no longer pick up material .  The hole then gradually f i l l e d  again 
from mate r i a l  being moved along b: t h e  stream, but while a p a r t i c u l a r  
hole  was filling, another would be forming elsewliere. As a hole became 
f i l l e d ,  t h e  cycle would be repeated. Exanination of por t ions  of t h e  
o r i g i n a l  dam remaining in place disclosed scour t o  a d e p ~ h  s u f f i c i e n t  
t o  confirm t h e  observations in t h e  model. aasec! on these  f k c t s ,  the re  
i s  reason t o  bel ieve  t h a t  one of t h e  major f a c t o r s  of t h e  1916 fniLure 
was piping under t h e  dam due t o  t h e  reduction of percola t ion length  by 
t h e  formation of t h e  holes upstream. M y  one sec t ion  of t h e  dzim, t h e  
J i los t  sec t ion,"  was moved any dis tance  fro.1; i t s  o r i g i n a l  posi t ion.  
Assunling t h a t  t h e  major cause was p i p h g ,  t h a t  one sect ion was under- 
mined and l i t e r a l l y  skidded downstreail where it cane to r e s t  t i l t e d  
upstrean. I n  t h e  o r i g i n a l  1937 redesign, t h e  r iverbed was heavily 
riprapped upstream from t h e  dam t c  s t a b i l i z e  it agains t  a recuxrence of 
t h i s  f a i l u r e .  h l e d i a t e l y  a f t e r  completion of t h e  o r i g i n a l  reconstruc- 
t i o n  of the  prototype, a flood cf approximately o8,WO second-feet 
passed over the  dam i n  Januvy 1937. This f lood was equal t o  o r  g r e a t e r  
in magnitude than t h e  one wriich had caused t h e  1916 f a i l u r e .  Subsequent 
exminat ion of t h e  r iprapping immediately upstzeaa of t h e  dim face  
showed no disturbance.  

Hedesinn After t h e  January 1937 Flood 

The meandering of t h e  r i v e r  u p s t r e w  caused a concerltration of 
flow near t h e  in take  sec t ion  producing an extremely high headwater 
e levat ion in t h i s  region durit16,the January 1937 flood. The r i p r a p  
downstream from t h i s  s t r u c t u r e  was washed may, and the s t r u c t u r e  was . considered t o  have inadequate protect ion.  X 1:48 ~ m d e l  of t h e  cw'plete 





t o  give adequate protection against a flood of 150,000 second-..feet. A 
ta i lwater  curve approxdmately 4 f e e t  lower than the minimum rastiaated 
(Figure 3) was used because of the uncertain and continually changing 
conditions in the f i e ld .  

In  the redesign subsequent t o  the  flood of 1937 and subsequant t o  
the  raodel t e s t s  on the 1:48 model, addit ional protection was provided 
i n  the fonn of a sloping apron 25 feet, long downstreaa f rog the  or ig ina l  
r e d e s i , ~  of apron which extended t o  a point 30 f e e t  downstream from the 
ups t rem face of the  crest .  h c n  of these sections had a llehbock s i l l  
a t  i ts  downstream end. To fur ther  minimize scour downstrem fro~n the 
r igh t  abutment, a sol id  s i l l  was d e s i ~ n e d  a s  shown in Figure 30. 

It was determined in the  l : l d  model t h a t  an intemediate w a l l  
between the intake s t ruc ture  and the spillway would considerably niniinize 
t he  scour downstream frou t h a t  p o r t i ~ r .  of the s t ructure .  i r i  f a c t ,  it  
w a s  considered essen t ia l  t o  the safety  of the s t ruc ture  if the riverbed 
mre gravel and boulders, ilnd it would substant ia l ly  &prove coriditions 
should the 'foundation below the intake prove t o  be  so l id  rock. 

During the course o i  the 1:4d model s tudies ,  an ar t icu la ted  apron 
waa studied in t h e  hope t h a t  i,t would conform t o  the fu ture  retrogression. 
It was found, nosrever, that; the  ar t iculated apron had no advanta~es over 
a so l id  one when both were protected by sills at the  downstream ends. 
So far as h o w ,  the present construction of t he  dau i s  as shown on 
Fikvre 30. 

Study of.Upstrean Protection in Sectional 1:24 rhdel  of S ~ i l l w a y  (1930) 

The l h i t e d  f loor  space in the Iiydraulic Laboratory a t  the time the 
model t e s t s  were begun on the  Power Canal Diversian D a n  prevented the  
construction of a complete li~odel of the structure.  The model represented 
the r i gh t  abutiuent and a short  section of the  spillway c re s t  and was 
constructed i n  opposite hand as a matter of convenience i n  location in 
t h e  laboratory. The scale  ratio  of 1:24 w a s  governed by the  capacity 
of the  laboratory punp and by t h e  length of c r e s t  considered nacessary 
t o  give representative flow conditions. The model, constructed of metal 
bent,e and concrete, was b u i l t  in a rnetal-lined flurne (Figure 4).  Provision 
was inade f o r  i n s t a l l a t i on  of an intermediate wall t o  create a sect ional  
mod01 of t he  spillway crest .  The riverbed upstrea;.~ and downstream w a s  
represented by coarse sand. Water wz!s measured over a %foot CipoUg9ti 
weir supplied t o  the model through a 16-inch out le t  from t h e  laboratory 
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i n to  a channel where it was returned t o  t he  supply system. 

Tests 1 t o  13, inclusivo, concerned protection upstrearn from the 
spillway c res t  and were conducted on the 1:24 sec t iona l  model of a 
typ ica l  cross-section of the  dam. The model represented about 40 f e e t  
of the prototype c res t  length and approximately 1/10 of a mile of the 
streambed. The purpose of the  t e s t s  on t h i s  inode1 was t o  study the flow 
conditions and to  determine the a l te ra t ions  necessary t o  give adequate 
protection against scour adjacent and upstream t o  the  s t ructure .  

Test 1 (Figure 5) was made on the or iginal  crest with no r iprap 
upstrearn. The need f o r  protection was c lear ly  indicated when a t  
100,000 second-feet, with a tailwater 2 f e e t  above the  m i n h  estimated, 

' 

holes varying from 5 t o  10 f e e t  in depth (prototype) were continually 
being dug and f i l l e d .  This same phenomenon occurred during preliminary 
studies sii the 1:48 illode1 (Figure 0) .  In Test 2, with the high tailwater, 
a 2-foot blanket of r ip rap  extended 12 f e e t  upstream at elevation 2180, 
prac t ica l ly  e l iuinat ing the ~ilovauent of t he  upstrearn material. 

In Test 3,  the  depth of the r iprap area was increasad t o  4 f e e t  
(Figure 5) ,  and the i i l i n i m ~  estiuated ta i lwater  used. Two iden t ica l  runs 
on t h i s  arrangement gave d i f fe ren t  results .  In  the  f i r s t ,  most of  the 
riprap was hashed quickly over the  c res t  between flows of 60,000 and 
100,000 second-feet; i n  the  second, l e s s  rock went over the  c res t  and 
t ha t  ranaining on the upstrearn s ide  s e t t l ed  on approxkmtely a 1-i/2:1 
slope away from the c r e s t .  

In Test 4, a 2-foot thickness of r iprap placed on a 2:l slope from 
elevation 2160 t o  2175 and extended 15  f e e t  upstreani, gave considerable 
iiproveinent (Figure 5). The material  was disturbed by the digging action, 
but only tha t  adjacent t o  the c r e s t  was washed downstrew. 

In Test 6, the  r ip rap  contiguous t o  t h e  c r e s t  w a s  lowered 2 f e e t  and 
extended t o  25 f e e t  upstrearn (Figure 5). This arrangement was considered 
sa t i s fac tory  when only one o r  two s r n a l l  rocks were moved over the crest .  

I n  Test 8, the r ip rap  width was reduced t o  20 f e e t  t o  ascertain if 
t h i s  reduction were feasible .  Less desirable conditions resul ted,  and 
the 25-foot width was used in all subsequent t e s t s .  A more complete 
investigation on a wider sect ional  model w i t h  a deeper sand bed and the 
rock t.hickness increased t o  3 f e e t  (Test 33, Figure 7) showed tha t  
excellent conditions exis ted on the upstream s ide  of the  dam f o r  all 
flows up t o  and including 150,000 second-feet w i t h ,  ta i lwater  elevation 
2 f e e t  below the rninirmun estimated. In l a t e r  t e s t s  the s t a b i l i t y  of the  
mater ia l  upstreain with a tailwater 4 f ee t  below the 1nini3num estimated a l so  
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TEST  I - .. - ----- -.. . - . -. -4  0'- ----  - -- - - - --  - -.s Obse~votions were mode at varlous dlschorges from 5 000 

to 150 000 second-feet The toilwater curve used was t ho  
feet highel. tnan the mlnlmum esi~matod. From 5,000 t o  
JO 000 seccnd-feel the flow over the crest was balow cr~tlcol 
with no eroslon downstream of sill and very lltlle u stream 
ot the cws t  Above 30 000 tho jump was submer e f a n d  sand 

. . wus deposll'ed downstriam of the crest and on t t e  opron. 
Severe eroslon occurred upstreom o l  crest. This eroslon .C appeared the most severe at a dlschar e of ICQ 000 second- 
feet. Holes varylnp from f ~ v e  lo  ten fee?deep wi re  belng 

I cmtlnuously dug and lilled upstreom of the crest. 

ORIGINAL SET-UP FROM DESIGN DRAWING N O T E  
TEST I FOR ALL SUBSEWENT TESTS OBSERVATIONS WERE MADE AT Dl$- 

CHARGES OF 50CO 15 000 30 000 50 000 100 000 AND IS0 000 SEC- 
OND-FEET A ~ D  ~ H ' E  M ~ N I ~ . ~ ~ . ~ A I L w A T ' E R  ~ U R V E  IJSED.'EACH DIS- 
CHARGE WAS RUN APPROXIMATELY FIVE MINUTES. 

T E S T  3 
El 2174 .-:* ~dentlcol runs wdro mode. In one at oo~ror lmotely 60 000 second- 

feet:the rlorop on the r lgh t  half of the'test sectton went ove'r the crest 
/ I .  T O  2 '  JIPR.IP..' leovtnq o hole 12 feet deep which soon fllled with sand By the tlme 

l00,OOCsecond-feet won reached,mostof the r lo rop had gone over 
the cre.st. Holes vuryln from 5 to 10 feet deeo were continuously 
dug and filled upstream 01 the cras t  . No serious eroslon occur red 
downstr~om of the sill. 

TEST 3 
In the othdr run the eroslon upstream was more nodual couslng the 
rlproo to $ettIe on oDpro~imolely l j  .I Slope upsyreom from the  cps t .  

,<-----I 5 '  ---- .,. Less r l p rap  went ove r  the crest and the eros lon  downstream 
bacome revs-e a t  M) 000 second-feel  The f loor  at elevation 
2!65 was swept clea; a t  o po ln t  24 feei  domstream from the bucket 
Ilp. In the first run  the severe erosion upslream caused less eroslon 
downstream. In  the second the moderate eroslon upslream caused 
more sevepe erosion downstream. . 

. , . . . . .  . . . . .  
T E S T  4 

The upstream eroslon was ~mwoved over test 3 Some r ~ p r ~ p  was 
st111 belng conrted over porlicularly thot imrned~olel upstream from 
the crest. E r o s ~ o n  dowhstreom was ver  severe. AT 50.000 aecond- 
feet the f loor  o f  elevation 2165 was sweDl' ciaon from 12 to 23 feet 
downstreom from the sill. 

TEST 4 
k 2 5 '  -.-.-.. --* -40' r T E S T  5 

; Set-u some as test 4 except the squore si l l  replaced by Rehbock 
: sll l t h e  resulls were the some as test 4 lndicotlng that ooron was 

T E S T  6 
Tee upstream condltlons were very sot~sfoctory Onl two pieces 
of r ip raa went Over the crest.  At the completlan of t i e  tes,t the 
r tp rap had settled o pror~mole ly  2 fee l  There was no serious 
eroslon downstream from the sill a1 any'flow. The worst scour  

TEST 6 
condttions occurred at o discharge of SO 000 second-feet The 
ooron appeared to be longer thon necesiory. 

T E S T  7 
Same a_s test 6 except upstream f000gro~hy raised to e levot~on 
2180. 4 he resul ts were the same as In test 6 

T E S T  8 
' Apron shortened 4 feet 

The condillons downsl-eam were as good o r  better thon test 6. 
There wos some undermF..nlng at the upstream edge of lhe r l p rap .  
I t  aopecrs thot the 25 fee! o f  r l p r o p  upstream would be safer,olso 
that ma-e scour oelow the ooron would resul t  when no sand was 
c o r r ~ e d  over the c res t  

T E S T  9 
Some as test 8 ercep' sand was removed f r om the upstream stde 

. ot c res t  More  Severe scour resul ted belo* tne apron. 

TEST 1 0  
Apron shortened 6 feet 

R~LI'OP ertdrrdcd ?5 fect uostream and dropped to elevotton 
217e ~mmed~n le i y  upstreom from crest No o p ~ o r e n t  change In 
eroston due to st~ortentng o f  the apron. 

T E S T  II 
Awon  shortefled 8 ;  feet. 

Some as lest  10 

TEST  I 2  
Apron shorlened 11; fuel. 

The surface of the jump o f  a dlschorge of 30,000 second-feet was 
ve ry  r ~ u  h olherwI%e the eroston ond  f lo*  cond~ltons ware sal#s- 
factory a9 ~ I I  d85chorqes. 

U Y l l C D  S T I T C S  
O E ~ A ~ ~ N E N ~  o r  rrtt INIL~IOR 

BuWEAU 0. ~ C C L ~ U A T I O I I  

TEST 13 SALT R I V E R  PROJECT- ARIZONA 

POWER CANAL DIVERSION DAM 
HYDRAUL IC  M O D E L  STUDIES 

T E S T  13 M O D E L  S C A L E  1124 
A D P O ~  shorlened I4 feet SUMMARY OF T E S T S  I TO I3  INCLUSIVE 

PAuin eooslon cccur-l?d downstream from the s ~ l l  o f  30 OCG second- 
feet.  Thts become *of-re a1 50,000 The apron was ivtdenl ly P L - ~  a n -  U.UaI7.D , 
too short .  
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Figure 6 
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t 
FLOOR ELEfATION 2152 

TEST 33 

TEST 33 TEST 34 
Set-up os shoun in 'he sketch A test  sect10n 48 feet wide woS used 01SChorqeS of, 
10,000. 25,000. 50,000, 10.000 ond 150,000 second-feet were r u n  Three different Some set-up a s  tes t  33 except lhrce feet of 
to~lwoter  curves were used:  Debter's ctrrve rn<rlamurn es'lmflte,' cu-vo and 0,curye r!ProD wos DlOCed for 30 f e e l  down-stream 
t*o feet Ipss than tne m!n!rnum est~moted(os ~ 6 r  dro,wmg" ~ b t l w o t r r  Estunotes' by o f  t h ~  sill. The r ! ~ r o p  w o r ~ e d  f romslx lnches 
C Jt1. doted 9 0 9 . 3 5 :  E o c h  d ~ s c h a r g a  and , o ~ l w o t ~ r  was rufi untl l  a fol-ly cohstont to two feet  ins1:e Runs were mode s t m ~ l o r  
Cond~fion was r e u c l ~ e d  ?tie resu l t s  were so t~s loc to ry  f o r  o i l  forlwoter elevtlt ions and to those c f  test 35 There  nos no upprec~oblr  
d i sc t io rq~5  except for o dlsrhorgc of 150 033 second-!ect w ~ r h  a talthu:er twn fcet below df f ferencc f rom the resu l t s  oblofned ~n test 
the m!n!mum es:~rno!cd A; that to l lwoier  the r o l l  formed 9 feet  downsrreon !?am the 33 At 150.OCO second-feet the r lprop wos 
5811 The sond fldlacenf 'o the sill vos  ~n c o ~ l a n t  naveme?? t o  a d e ~ t n  at aoorox~na te ly  c o r r ~ e d  to elevation 7160 f rom o p o ~ n t  28  
five feet  below the o r c r  (elevation 2173). When the pun was com leted tt:e sond was 
at elevotlon 2171 l u s f  downstream of the sctl T t~e  bed bod s c o u r e f  toon  ?le\otlon of 

lee! downstreom of the Sl l i  t o o  polnt 76 feet 

2159 at 0 distance c' 7: feet dOul5treOm f r o m  the s~ l l .  
downstream of the snll 

TEST 35 
Set-up as shown In ske tch  This obutrnent was t h e  
some os t h a r o n  the s ~ e c l f ~ c a t i o t ~  drowing '25-0-1300 
except the upstream p o r t  o f  the  obutrnenl was moved 
15 feel  upstream The same dtschorges ond t a ~ l w o t e r  
curves were used os Intest  33 T t ~ e  w n d ~ f ~ o n s  on tne 
model a e r e  sot~sloctory up  l o  ond lnc lud~ng 1000Cr~ 
second-feet. At 150Q0O second-feet sot ts lo~to;~ condi- 
t10ns ca~s ted  w t h  the m!n,murn cstlmoted taalwoter and 
wlfh the tol lwater elevotion occordtngto Oebtev's curve. 
With oto l lwoter  one loo t  below the  m~n imum estimated, 
the r l p r o p  at the downslream corner of tne Obutmsnl 
storted t t  wosn w t .  Wl th  o lo~ lwo te r  two feet below 
the minimum est~moted,  a hole wos scoured to slevo- 
flOn 2154 In 50 r n ~ n l ~ t ~ s  The nole wcs opproa~motely 
20feet wlde and 38 feet long with tne u h t r e o m  end about 
etgnt feet dowwtream f romthe  end of the 0butme.lt. 

* ,  
T E S T  35  

TEST 36 
Some set-upos t e s t  35 e r c e ~ t  the cut o f f  wall oround the obutmet was r a s e d  TEST 37 
v c r t ~ c o l l  to e leva t~on  Z Z C 4  The some procedure  was f o l l o r e d  c s  in  test 3 5  Set-UJ some or test 36 except the ooron was 
~t h lqh J!:chorges n t th  flip t a l i w a t e r  two feet below the rn9nimu'n estmoted,  (en lheneo 11: tee1,maktnp 111 to t01  length 26: 
the stondmnq wave formed sever01 feet  downstreom tram the e r d  of :he SIII. !eeP The mooel d~scharpa  *o r  qroduotly 
A o ~ o r e n l y  the  opron wor too shor: l o r  the  low t o ~ l w o t e r  Gogd rc5u I ts  were 9ncreosed t o  i53000  second-feet 7h1s dtschorge, 
prevalent of the lower t o ~ l w a t e r  e l e v o t ~ o n s  up To and ,ncluct!nq IS,? 000 second- w!th the rctlwoter twc feet below lne min~rnum 
feet A d l s c h o r y r  o f  150,000 second-ieet wl tn tot~watt r~otmtntmur; l  es l lmoted  e s t ~ ~ n : e d .  w o i  mo~nto ined  for 30 m~nutes The 
and above to r  25 m1nute5, pave  very  good ra%ul!s A n  ~ s d ~ ! : o n o '  35 rn~nutes scour war much less t r ~ o n  ~n test 36 The sand 
w t h  the t b l ~ w o t e r  ,owere0 fw?  feet gave cons~derab ly  mere ero$!on The sond ofid r l p r o p  settled to e levo t~on  21 72 ~mmed~ote ly  
an3 r ~ p r o p  set t led ,no !eat !o tour feet  below the o o r o n I e ~ e v o l t o n  2173) just  dow('.streom f rom the 91!1. Tho scour wos to 
ozdment  was s l ,gntCv r e o t e r  tnun ot  any omar p?int e l e ~ a t l o n  2160 ot  o pant 28 feet downstream 
At the end of !he run t i ie  scour w05 to elev0tfOn ? : 5 5  of o b o ~ f ~ t  J 2  feet  dowt,- from ~ 1 1 1 .  
streom f r o m  t h e  5111 

T E S T  3e 
Some a s t e s t  35 except tne 2 I pabed obutmen? s~0r.y was chonqec to o I; I slope U N . ' K O  5 1 4 1 L 5  

The same procedure was foliowed o s ~ n  !cst 35. .I)* steeor* s.opr caused more 
DLPA-?WLNI o r  T W T  IW~LIIVOU 

eroston downstream f rom ttre cbutrnen: The r tprop near t h r t  duwns!reom corncr  of 
R Y U I I U  a*  I L C L L Y ~ T I O *  

the obutrnent commenced to r o l l  at  100,000 second-feet, w ~ t h  !he to>luuter eirvollon 
S A L T  R I V E R  P40JECl-  ARt20Nl  

occord*ng :o Debler 's  curve The lower t o # l w u ? e ~  elrratnonh 8ncreose.l the 
erosion. A t iow o f  150.@00 second-fret f o r  9 perioa o f  40 mtnules % c o g r e d o  t,ot~= 

P O W E R  CANAL DIVERSION DAM 
35 feel  uldo by I2 f r e t  lor.: to the f ioor 07 e:P~c' .o~:  Z i 5 4  The U P : ~ P ~ O T  end (11 Inla 

H Y D R A U L I C  MODEL  STUDIES 
~ IZVOI IO~ w c s  3 b 0 ~ t  50 'eet f rom the  end of tnt. avr.on ihr  sond ond r i p r u ~  M O D E L  S C A L E  1:24 
nmrned:atrly downstreom !corn the a p r o n  wos wo$hed out o w  sett!efl to rlevor;on 
I : € :  ' 

SUMMARY O F  T E S T S  33 TO 38 I N C L U S I V E  

c - a - ~  a w e  - r * r r s e  
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Test  6, except with 3 f e e t  of r i p r a p  was used i n  the  f i n a l  desiep of t h e  
prototype (Section C-C, Figure 30). 

Study of Protect ion Downstream from Spillway In 1:24 Sec t iona l  Model (1936) 

Preliminary v i s u a l  t e s t s  concerning t h e  protec t ion downstream from 
t h e  spillway indicated t h a t  t h e  o r ig ina l  design of cross-section o f  t h e  
dam ( a s  b u i l t  in  1906) would serve  f o r  a l l  discharqes i f  s u f f i c i e n t  
t a i l w a t e r  depth were maintained. Since t h e r e  was no accurate tp i lwa te r  
r a t i n g  curve, the  s t r u c t u r e  was at  f i r s t  s tudied using t h e  minimum 
estimated t a i l w a t e r  curve ( ~ i ~ u r e  3) .  

I n  Test  1, with a 2-foot Rehbock s i i l  a t  t h e  end of t h e  apron 
40 f e e t  downstream from t h e  upstream face  of t h e  dam (sect ion B-13, 
Figure 2, and Test  1, F i m r e  5 ) ,  there '  was p r a c t i c a l l y  no scouring of 
t h e  riverbed f c r  any discharge, indica t ing t h a t  t h e  apron was too  long. 

I n  Test  2, t h e  apron was remcved and a s i l l  placed h n e d i a t e l y  
downstream from t h e  o r i g i n a l  c r e s t  sec t ion  with a 10-foot s t r i p  of r i p r a p  
4 f e e t  i n  t h i c h e s s  immediately downstream from it. This a r r a n m e n t  
gave p r a c t i c a l l y  t h e  same r e s u l t s .  Subsequently, t h e  t a i l w a t e r  e levat ions  
used i n  t h e  f i r s t  two t e s t s  were found t o  b e  2 f e e t  above t h e  minimum 
estimated, and t h e  s a t i s f a c t o r y  r e s c l t s  were a t t r i b u t e d  t o *  t h i s  f a c t .  

An upward sloping curve added t o  the  downstream end of t h e  c r e s t  
sec t ion  t o  form a bucket ( ~ e s t  3, Fie;ure 5 )  was t e s t e d  with t h e  minimuni 
estimated t a i lwa te r ,  and no r i p r a p  downstream from the  dam. T ~ T )  i d g n t i c a l  
runs on t h i s  x*rangement gave d i f f e r e n t  r e s u l t s .  I n  one t h e  rapid move- 
ment of t h e  mate r i a l  from t h e  upstream s i d e  of 'the dam replaced t h a t  which 
w a s  washed away downstream with the  r e s u l t  t h a t  the re  was very l i t t l e  
scocring indicated.  I n  t h e  other,  a more gradual t r anspor ta t i cn  of 
mate r i a l  from upstream allowed the  scour t o  reach t h e  f l o o r  of t h e  model, 
e levat ion 2165, 24 f e e t  downstream from t h e  edpe of t h e  bucket i n  a very 
shor t  time. The condit ions i n  both cases were obtained between flows of 
60,000 and 100,000 second-feet. 

A 1-foot square s i l l  placed a t  the  dohnstream edge of t h e  c r e s t  
(Test 4, F i g r e  5)  was very unsa t i s fac tc ry  as  was a 2-foot itehbock s i l l  
placed i n  t h e  same .msit icn.  A t  5O,OOG seccnd-feet severe erosion 
occurred, which exposed a large area  of t h e  codel  f l o o r .  

As  t h e  o r i p i n a l  desicn of apron arransenient h5th an o v e r a l l  1enp;th 
of 40 f e e t  had not beer. t e s t e d  with t h e  minhurn estimated t a i l m t e r ,  it 
w a s  r e ins ta l l ed  ( ~ e s t  6, F i a r e  5). Very l i t t l e  erosion occurred a t  any 
flow up t o  and includinp. 150,000 second-feet. Thus, t h e  apron aypeared 
longer than necessary. The apron was shortened by increments t o  36, 34, 
31-1/2, 28-1/2, and 26 f e e t  ( ~ e s t s  E! t o  13, inclus ive ,  F i ~ c r e  5) .  The 



u n t i l  t h e  26-f oat  dimension was reached.  he-28-1/2-f oot  l e n h h  ( ~ e s t  12) 
was considered sa t i s fac to ry ,  although considerable erosion occurred when 
no mater ia l  was passing over t he  c res t .  To be on t h e  s a f e  s ide ,  an 
o v e r a l l  length  of  30 f e e t  was r e c m e n d e d  (sect ion B-B, F i m r e  27). 

Pressures and ZJater Surface P r o f i l e s  

. Water surface  p r o f i l e s  and pressures over t h e  c r e s t  (Testa 29 t o  32, 
inc lus ive )  were taken f o r  d i f f e r e n t  t a i l w a t e r  e l eva t ions  and d i a c h a r ~ e s ,  
us ing the  28-1/2-foot l ene th  of apron. S l i g h t  n e ~ a t i v e  pressures 
(Figure 8) occurred on t h e  c r e s t  a t  discharges of 25,000 and' 50,000 second- 
f e e t ,  but became p c s i t i v e  f o r  a l l  h ieher  discharees.  

Model Study of Rinht Abutment t o  Scale  of 1:24 (1936) 

The intermediate wall i n  t h e  model was  rercoved, qiving an arrangement 
represent ins  t h e  r i g h t  abutment according t c  t h e  o r i ~ i n a l  design and about 
60 f e e t  of t h e  adjacent  prototype c r e s t .  Tests  14 t o  28 were made-to 
s tudy t h e  flow ccndit ions i n  t h e  vicini t ,g of t h e  r i s h t  abutment t o  deter -  
mine n e c e s s a q  a l t e r a t i o n s  t o  prevent ser ious  erosion. The xinirow~ 
estimated t a i lwa te r  curve was used. Severe scour occurred downstream 
( ~ e s t  14) from the  end of the  apron and along t h e  cutoff  d l  of t h e  
o r i g i n a l  abutment with a discharge of 150,000 seccnd-feet ( ~ i ~ r e  9-A and 
9). Visual t e s t s  indicated t h a t  improvement might be obtained by extend- 
i n g  t h e  upstream port ion of t h e  'abutment. It was extended upstream i n  
increments of 10, 10, and 5 f e e t  ( ~ i r u r e  10). No appreciable chanqe 
resu l t ed  a f t e r  t h e  first extension. The second, however, .save more accept- 
ab le  conditions, while t h e  t h i r d  proved e n t i r e l y  s a t i s f a c t o r y  (Firmre 9-C 
and D). 

During these inves t igat ions ,  a l l  t h e  r i p r a p  covering t h e  sloping 
concrete surface  of t h e  r i 5 h t  abutmegt was washed away except t h a t  on 
t h e  downstream corner. The surface  of t h e  broken rock was therefore  
lowered t o  t h e  e levat ion of t h e  t o p  of t h e  cutoff  w a l l .  The s t r i p s  of  
pavinq on t h e  3:l  s lopes on t h e  upstream and downstream s ides  of t h e  
abut.vent next t o  t h e  bank were not considered necessary s o  were replaced 
b y  r i p r a p  which proved very sa t i s fac to ry .  These s lopes  were therefore  
riprapped f o r  a l l  subsequent t e s t s .  

Shor t ly  a f t e r  obta in ing a reasonable d e s i m  of t h e  r i ~ h t  abutment 
capable of withstanding a flow of 150,000 second-feet with t h e  minimum 
estimated t a i l w a t e r  curve, add i t iona l  information on t h e  c h a r a c t e r i s t i c s  
of t h e  riverbed indicated  t h e  t a i l w a t e r  misht be lower than used i n  
previous t e s t s .  The model was then t e s t e d  ( ~ e s t  19) usinn an a r b i t r a r y  
t a i l x a t e r  curve 2 f e e t  below t h e  m i n i m  estimated, F i n r e  3.  Downstream 
material, includinz r iprap,  was carr ied  away, exposine t h e  dormstream 
cu to f f  wall t o  a censiderable depth. Irriprove~ent occurred when fhe  
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PLAN OF THE ABUTMENT AT THE R IGHT END DAM 
TEST 16 

D I M E N S I O N  "A" EQUALS 10 F E E T  

The discharge was brought up to 150,000 second-feet,  stopping momentori ly ot 50,000 
ond 100,000 second - fee t .  The rip:op (elevot ion 2/73), od jocent  t o  the concrete 
obutment ond opproxlmotely 50 feet downstreom f r o m  the  s i l l ,  storted to wosh out 
I n  less thon two minutes  a ho le  wos d u g , ~ n  t h i s  o reo ,  to the m o d e l  f l oo r  ot 
e l evo l i on  2165 I! was evident tho1 the upst ream obutm.ent should be  moved further 
upstrecm. Except as  noted, the f low about the rest of the mode l  was entirely s o t ~ s f b c t o r ~ .  

T E S T  17 
DIMENSION "A" EQUALS 20 F E E T  

The dischorge wos brought up to  150,000 second-feet,  stopping momentor i l y  ot 50,000 
and 100,000 second - f e e t .  Some of the r i p rop  (e levo t i on  2173;, ot the downstream 
corner  of the abutment ,  woshed out; the rernoinder set t led unt i l  the t o p  of i t  W O S  

opp rox~ rno te l y  ot 2170. The model  wos run f o r  4 3  ninutes  w i th  no fu r the r  chonge noted. 
The r i p r o p  In t h ~ s  ore0 wos between 5 tnches and 2 fee t  i n  s ize.  If seemed proboble 
thot i f  only 2 - f o o t  r ip rop hod been used no eros ion would hove occurred. 

T E S T  18 
DvMENSION "A" EQUALS 25 F E E T  

The d ischorge wos b:ought up to  150.000 second- feet ,  stopping momentori;y ot 50,000 
ond 100,000 second- feet .  Cond i t~on were very so l is foc tory .  There wos no tendency 
for the r i p r o p  (elevo:ion 2173) olsnq t h ~  edge of the downstreom obutment to move. 
The model wos r1Jn for s ixty m ~ n u t e s  wtth no chonge in condi t ion.  
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but t h i s  gave no improvement i n  scour conditions. Severa l  minor a l t e r -  
a t i o n s  t o  t h e  apron, inc ludinc  va r i ab le  length  sec t ions  i n  t h i s  v i c i n i t y  
gave s l i p h t  improvement. However, t h e  shallow sand bed below t h e  model 

P r a c t i c a l l y  t h e  same r e s u l t s  were obtained with a v e r t i c a l  abutment 
( ~ i g u r e  12-E and F) . Slopes of  1-1/2: 1 and 3:l on the  streamward s i d e  
of  t h e  abutment gave nore erosion than t h e  or ' i8inal  2:l slope, 
Figure 1 2 - A  and B and Figure 14-A and B. The 2:l slope was used i n  a l l  
subsequent t e s t s .  

The inves t iqa t i cn  of numercus va r i ab le  length aprons adjacent  to 
t h e  abutment (Figure 13)  r e su l t ed  i n  a desiqn (Test 4.2) M c h  would, 
withouz too  much erosion, handle a f lood o f  150,000 second-feet 
( F i g i r e  14-C, D, E, and F). There was very l i t t l e  scour with +#he ~ i n i m u n  
estimated and higher t a i l w a t e r  e levat ions .  Lowering t h e  t a i l w a t e r  1 f o o t  
increased t h e  erosion s l i g h t l y ,  while dropping it an a d d i t i o n a l  f o o t  
ma te r i a l ly  increased it. The r e s u l t s  were n o t  considered c r i t i c a l  because 
t h e  cutoff  walls were not  completely exposed and very l i t t l e  of t h e  r i p r a p  
adjacent  t o  t h e  s t r u c t u r e  was washed away, most of it s e t t l i n g  as t h e  f i n e  
sand was washed away from between t h e  p a r t i c l e s .  This design ( ~ e s t  42, 
Figure 13) was recommended and w a s  embodied i n  t h e  ccns t ruct ion  of t h e  
prototype during t h e  Winter of 1936-37. 

Fie ld  Data on February 1937 Flood 

On February 7 and 8, 1937, a few days a f t e r  completion o f  t h e  
reconst ruct ion  of t h e  prototype, a f lood with a peak capaci ty  of  
68,000 second-feet paased over the dam. The meandering o f  t h e  r i v e r  
upstream caused t h e  flood t o  be concentrated near  t h e  in take  s t r u c t u r e  
( ~ i g u r e  151, t hus  d i s t o r t i n g  t h e  r e l a t i o n  between tailwater and headwater 
t o  such extent  t h a t  the  r i p r a p  protec t ion  downstream from t h e  apron i n  
t h i s  a rea  was washed away. With t h e  p o s s i b i l i t y  of l a r ~ e r  floods, these  
condit ions were c r i t i c a l .  A labora tory  reinvest irrat ion was necessary. 
A model was b u i l t  t o  a s c a l e  of 1:48 t o  represent  the  e n t i r e  sp i l lway 
and the approach and t a i l w a t e r  condit ions ( ~ i g u r e  16) ,  This  model was 
a l s o  constructed and s tudied  i n  t h e  Colorado Aqr icul tura l  Experiment 
S t a t i a n  at For t  Coll ins,  Colorado. A s  add i t iona l  area was then a v a i l a b l e  



T E S T  19 
Some s e t - u p  0s t e s t  18. A t o l l w a t e r  curve two feet  lower thon the mln lmum e s t ~ m o t e d  
(as  per d r a w ~ n g  " T o i l w a t e r  E s t ~ m a t e s " ,  datod 9-9-35, G. J. H. 1 ,  was used.  No ser ious  
e r o s l o n  occur red  f rom 0 to 100,030 second- f e e t ,  A t  150,000 second- feet ,  as tn t e s t  16, 
the  r e g l o n  around the down-s l ream edge o f  t h o  abutment was eroded to the model f l o o r  
( e l e v o t ~ o n  2165). I t  r e q u ~ r e d  15 m i n u t e s  to  erode to t h e  f l o o r  0s ogo lns t  two m l n u t e s  In 
t e s t  16. The m a g n ~ t u d e  of the e ros lon  wos about the same In both t e s t s .  The scour 
downstream of the s ~ l l  was r'omparoble wcth t h a t  o f  tes t  16 and wos not cons~dered serlous. 

PLAN OF ABYTMENB 

T E S T  2 0  
DIMENSION "A" EQUALS 25 FEET 

Set-up os show? IC sketch Same t o i l ~ ~ a t e r  os Test 19. No serious e r o s l o n  occurred f rom 
0 to  100,000 second - f e e t .  At 150, OUO sesond- feet  the sond downsfreom of the obu tment 
s t o r : e d  to eroae A f t e r  50 m ~ n u t e s  c t  t h  1s d ~ s c h a r g e  o hole.commenciilg 28 f a s t  downstream 
of t h e  abutment ond 28 f e e t  long,wos scoured to the f l o o r  a t  e i e v a t ~ o n  2165. 

T E S T  21 - 
DIMENSION "A" EQUALS 30 FEET 

S e t - u p  os shown In ske tch .  Some t o i l w a t e r  as t e s t  19. Some r e s u l t s  as t e s t  
20. No sand comlny over the dam In t e s t s  20 ano 21. 

T E S T  22  
D l  MENSlON "A" EQUALS 30 FEET 

Set-up os shown la sketch except t r c o n q u l o r  S I  ll two f e e t  h ~ g h  was p lacnd a t  
the downstraam edge of  the  l e v e l  p o r t  o f  the ubutment ( e l e v o t ~ o n  2173 ) . Some 
r e s u l t s  as t e s t  20 except t h e  scour was more ropld. P L A N  . - .. 

T E S T  23 FLOW . 
Same as t e s t  21 except there was no r l ~ r o p  downstream of the c r e s t .  E r o s ~ o n -  - - 4 ' ~ .  

was more severe thon i n  t e s t  21. , ELTI??- - ; - 1 

T E S T  24 ) EL.265 1 
Some as t e s t  21 except  an ore0 42'x 60'dOwnstreom f rom the abutment was r i p -  S E C ~ ~ O N  
rapped th ree  f e e t  In  depth, l e v e l  a t  el.7173 A d ~ s c h a r g e  of 150,000 s e c . - f t .  
for 90 m ~ n u t e s  proved s o t ~ s f a c t o r  R ~ p r o p  20 f e e t  aownstreant f rom edge of TEST 22 
abutment s e t t l e d  to e l e v o t l o n  217r' ond the  f l o o r  was ex~0Sed bevond the end . - 
of the r ~ p r a p p e d  arao.  

U N I T E D  S T A T E S  
DEPARTMENT OC rnE INTERlCR 

BUREAU OF RECCAHATIOH 
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POWER CANAL DIVERSION DAM 
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the  construction- of the 1:24 model of a section of the s t ructure  did not 
then exis t .  

The model was constructed of concrete p4aced between sheet metal 
templates which served as guides f o r  screeds i n  shapine the surface of 
the  model dam. The dentated s i l l  was made of redwood and was fastened 
t o  the spillway aprod by bol ts  embedded i n  the concrete. The model was 
placed d i r ec t ly  on the f l oo r  of one of the laboratory tanks, and t h e  area 
representing possibly 2/10 of a mile of the f u l l  width of the riverbed 
was enclosed by low wooden walls made w a t e r t i ~ h t  with asphalt emulsion. 
Brass rods 114 inch in  diameter were fastened t o  s t r i p s  of galvanized 
metal placed on the tank floor.  The tops of these rods served as v i d e s  
f o r  placing the sanh and gravel which represented the topography. 

A maximum modal discharge of 9.39 second-feet, correapondin~ t o  a 
prototype discharge of 150,000 second-feet was measured by a /+-foot 
Cipol le t t i  weir. Rock baff les  quieted the flow before it entered the  
streambed above the dam. An adjustable weir a t  the  downstream end of the 
model was used ta r e g d a t e  the tai lwater.  

The f i e l d  data  shown on Figures 17 and 18 and on a number of 
photographs received a f t e r  the flood of February 7 and 8, 1937, were 
used i n  adjusting the performance of the  1:48 model s o  t ha t  it would 
represent the  prototype conditions a s  f a r  a s  feasible .  

Studies on 1:48 Model of Power Canal Diversion Dam (1937) 

In  the preliminary t e s t s  the  flow upstream from the  dam was 
concentrated t o  approximate the prototype conditions shown on the  photo- 
graphs taken dcring the flood ( ~ i g u r e  15). The concentration of flow near 
the intake s t ructure  could not be maintained i n  the  model with the riverbed 
bu i l t  of f i ne  sand. The sand upstream from the model spillway c re s t  was 
replaced by a coarse  ravel. Tests indicated inadequate scour protection 
f o r  the l e f t  end of the dam with discharges above 60,000 second-feet and 
the  ta i lwater  2 f e e t  below the minimum estimated. Because of the close 
agreement up t o  h0,000 second-feet between the ta i lwater  i n  t h e  f i e l d  
during the f i r s t  part  of the 1537 flood and the a rb i t ra ry  curve used f o r  
t e s t i n c  the 1:24 model, t ha t  curve was used fo r  these investioations.  

Scour contours f o r  the February 1937 flood, with the sect ien of the  
old d m  downstream from the l e f t  s ide  and usin- 51,000 second-feet for  
the  peak flow, checked the prctotype remarkably well ( ~ i s u r e  17).  The 
resu l t s  would have checked even be t te r  had a peak flood of 67,300 second- 
f e e t  been used on the model, a s  it was l a t e r  determined tha t  t he  peak 
flow was of t ha t  order. After a discharae curve prepared frorr. current 
metor measurements of the February flocd fa i led  t o  agree with a previous 
United S ta tes  r R o l o ~ i c a l  Survey rating curve, the peak flow cL the model 
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( ~ i g u r e  18) were co r rec t .  Two s t a f f  Kaies  were i n s t a l l e d  i n  the-model, 
one 30 f e e t  (prototype) upstream flmn the  c r e s t  axis on the  l e f t  i n t a k e  
wall,  and the e t h e r  on t h e  2 : l  s lope of t h e  r i g h t  abutment a t  t h e  axis 
of the  dam. Prototype flows of 17,500, 25,750, 42,800, and 51,000 second- 
f e e t  f o r  which f i e l d  d a t a  have been obtained were used f o r  t h e  t e s t .  The 
s t a f f  ga.qes were observed f o r  each flow, and - t h e  depth on the c r e s t  was  
obtained over t h e  e n t i r e  lenqth  of the dun. For t h e  f i r s t  two flows t h e  
su r face  on the w a l l  of  t h e  in take  sec t ion  checked t h e  prototype e leva t ions ,  
while those a t  t h e  r i q h t  abutment were too  low. These lower e l eva t ions  
were a t t r ibu ted  t o  a r e l a t i v e l y  smooth and d i f f e r e n t l y  arranped streambed 
below the  model dam. The t a i l w a t e r  was r a i sed  u n t i l  t he  proper e l eva t ion  
was obtained a t  t h e  abutment. It. was necessary t o  r a i s e  t h e  tailwater 
t o  elevation 2182 f c r  a discharge of 17,500 and e levat ion  2184 f o r  
25,750 second-feet. The s t a f f  readin.? a t  t h e  in take  was not a f f e c t e d  by 
t h e  increase i n  t a i l w a t e r  depth, so t h i s  method was used f o r  subsequent 
runs f o r  which prototype d a t a  were avai lable .  When an attempt was made 
t o  check the water surfaces  f o r  2 , 8 0 0  and 51,GOO second-feet, an unrea- 
sonably deep t a i l w a t e r  was required t o  give the  proper readinz  on t h e  
in take  s t a f f  page, and t h e  water surface a t  the  r i q h t  abutment was 
considerably above the  r e c o d e d  prototype e leva t ion  when the  in take  gage 
read correc t ly .  This  condit ion was corrected by maintaininp: t h e  d e s i r e d  
water surface e l eva t ion  a t  the  r i s h t  abutment with the  t a i l - i a t e r  r e g l a t i n e  
device, while i n c r a a s i n c  t h e  flow u n t i l  t h e  des i red  reading was obtained 
on t h e  intake s t a f f  eage. A discharqe of 50,000 second-feet was reqc i red  
t o  obta in  water su r face  e levat ions  corparable t o  t h e  prototype f o r  t h e  
estimated L2,8GO second-feet, while 67,300 second-feet were necessary t o  
give the  prcper e l eva t ion  f o r  the  estimated 51,000 second-feet. From 
these s tud ies  it was concluded t h a t  the maxinrun discharqe f o r  the f lood 
of February 7 arAd 8 was nearer  the  68,000 second-feet obtained by a smooth 
extension of the  ratin.: curve ( ~ i w r e  18) than the  51,000 second-feet 
obtained extens icc  t o  f i t  t h e  o ld  Ynited S t a t e s  C ~ o l c g i c a l  Survey r a t i n g  
curve. Discharnes cf 100,GGO and l3G,OOO second-feet were a l s o  s tud ied ,  
The absence of protc type  d a t a  f o r  these  discharqes made it impossible t o  
extend the  r a t i n g  curve accura te ly .  However, t h e  protot:rpe curve should 
not  vary much from t h e  approximate extension obtained on the  rcodel. The 
water surfaces ac ross  t h e  dam f o r  the  var icus  flows were p lo t ted ,  and a 
new r a t i n g  curve f o r  the  s t a f f  saee on the in take  w a l l  obtained. A new 
ratin: curve f o r  t h e  bni ted  S t a t e s  C ~ o l o e i c a l  Survey s t a t i o n ,  inc luding 
d ischarzes  up t o  t h e  peak flocd, was also prepared f r o x  these data  
(Figure 191. 

A s  soon is t h e  prototype f lcod  ? s t $  kad been checked, s tud ies  t o  
obta in  a design cs?.ztlc cf handling 130,GCO second-feet with a t a i l w a t e r  
2 f e e t  below t h e  rnir,j_I;.um estimated, were kerw.. A so lu t ion  f o r  t h i s  
discharge was soucnt  f i r s t  because it \.as t h e  l a r q e s t  discharye t h a t  t h e  
1aborat~x-y purcp couid convc!nientljr sup~3:;  f o r  a 2-hour run. 
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Figure  20), as t h e  f i r s t  s t e p  i n  preventinz scour below t h e  apron, but 
no apprec iable  improvement was noted. 

A s o l i d  20-foot s t r i p  of pavement without a s i l l  placed downstream 
from t h e  apron, s lop ing  from e leva t ion  2173 t o  2170 ( ~ e s t  13) improved 
condi t ions  but d i d  not  e l iminate  e ros ion  near  t h e  l e f t  end of t h e  dam. 
A s o l i d  25-foot ex tens ion  s l o p i n g  from e l e v a t i o n  2173 t o  2169 w i t h  a . 3-foot dentated s i l l  a t  t h e  downstream end ( ~ e s t  16, F i y r e  20) proved 
v e r y  s a t i s f a c t o r y  except a t  t h e  extreme l e f t  end below t h e  i n t a k e  s e c t i o n .  

An a r t i c u l a t e d  extension of 20 f e e t  s l o p i n -  from e leva t ion  2173 
t o  2169 with a 3-foot Rehhock s i l l  a t  t h e  end ( ~ e s t  17, F i u r e  21) a l s o  
i a v e  ample dolrnstream p ro tec t ion  t o  t h e  c e n t r a l  po r t ion  of t h e  sp i l lway  
but  f a i l e d  t o  p ro tec t  t h a t  no r t i cn  of  t h e  r iverbed  downstrean from t h e  
i n t a k e  . 

Extensions a d  add i t ions  of var ious  types  were used t o  prevent  scour 
downstream from t h e  l e f t  end of t h e  dam and i n t a k e  ( F i w r e  17) .  None 
proved e n t i r e l y  s a t i s f a c t o r y  when t h e  model was operated f o r  an appre- 

I ,  c i a b l e  l eng th  of time u n t i l  t h e  l e f t  i n t a k e  wall below t h e  dam was 
strai.ghtened and used i n  con.junction w i t h  t h e  a r t i c u l a t e d  apron. For 

I a l l  arrangements except t h i s  t h e  eddy which formec! i m ~ e d i a t e l y  downatream 
from t h e  i n t a k e  next  t o  t h e  bank whirled t h e  sand wad r i p r a p  from behind 
t h e  s i l l  and exposed t h e  cu to f f  w a l l  t o  a depth of CC l e a s t  6 f e e t .  
Apparently t h e  s t r a igh tened  w a l l  a s s i s t e d  i n  improving the  condi t ions  f o r  
t h e  r e l a t i o n  of head and t a i l w a t e r  used. 

About t h e  t h e  t h e  a r t i c u l a t e d  apron was be in^ s e r i c u s l y  considered 
as a so lu t i cn ,  a d d i t i c n a l  f i e l d  d a t a  were obtained which indica ted  t h a t  
a lowering of t h e  t a i l w a t e r  had taken place a f t e r  t h e  peak f lood i n  
February 1937. To be on t h e  s a f e  a i d e  a t a i l w a t e r  curve 4 f e e t  below 
t h e  minimum est imated ( ~ i q u r e  3 )  was used i n  f u r t h e r  s t u d i e s .  When t h i s  
t a i l w a t e r  r e l a t i o n s h i p  was used on t h e  previous arranqeaent  cf downstream 
protec t ion ,  severe scour  r e s u l t e d  reachin: e l eva t ion  2159 near  t h e  
downstream edqe of t h e  r i ~ h t  abutment &?d e l eva t ion  2155 below t h e  i n t a k e  
s e c t i o n  i n  2-1/2 hours  (model). The scour downstream from t h e  i n t a k e  
s e c t i o n  w a s  not considered s e r i o u s  as a rock channel was ind ica t ed  i n  
t h a t  a rea .  

This  rock channel was i n s t a l l e d  cn t h e  nodel  ( ~ e s t  20, Fig;ure 21),  
and d i f f e r e n t  arrangements made around t h e  r i n h t  abutment us ing  v a r i a -  
t i o n s  of t h e  a r t i c u l a t e d  cpron t o  prevent scour  downstrean. Lone of t h e  
designs worked s a t i s f a c t o r i l y  because t h e  s h o r t  apron s e c t i o n s  became 
underruined and dropped with t h e  r e s u l t  t h a t  t h e  m a t e r i a l  washed away 
from t h e  cu to f f  w a l l  of t h e  e L s t i n ~  apron and t h e  scour  eventua l ly  
reached t h e  same depth  i n  each case.. 







2, and,3 f e e t  t o  a s c e r t a i n  what uou1.d happen i f ,  i n  t h e  course of 
operatrons,  some o f  t h e  s e c t i o n s  became I-owered. Ho .channe was de tec t ed  
f o r  t h e  1-foot drop  h'hen t h e  model was operated f o r  2-1/2 hours at  
130,060 seccnd-feet. Only s l i x h t  scour occurred with t h e  2-foot lowering, 
while severe  scour with uildermining back of  t h e  cu to f f  wall of  t h e  
e x i s t i n g  apron was obtained f c r  t h e  3-foot drop. The severe  a c t i o n  i n  
t h e  l a t t e r  case was ascr ibed  t c  c u r r e n t s  c rea ted  by t h e  flow of water 
through t h e  opening ups t rean   fro^ t h e  s i l l  between t h e  lowered s e c t i o n  
and t h e  ad jacent  s e c t i o n .  

A t e s t  t o  determine t h e  consequences of  t h e  f l a s h  f lood with 
p r a c t i c a l l y  no t a i l w a t e r  downstream from t h e  apron was made. Extensions 
of 2, 3, and 4 f e e t  were placed downstream from short, s e c t i o n s  of t h e  
a r t i c u l a t e d  apron. The purpose of t hese  ex tens icns  was t o  prevent 
e ros ion  by t h e  j e t s  i s s u i n -  from t h e  back c f  t h e  downstream sill .  I n  
a l l  cases ,  t h e  t a i l w a t e r  increased  so  r a p i d l y t h a t  a water cushion 
formed on t h e  s lop ing  apron upstream from t h e  second s i l l  and no s e r i o u s  
e ros ion  r e s c l t e d .  Eoreover, t h e  errtensions never funct ioned as scour 
pro tec t ion .  Uf t h e  q u a n t i t i e s  t e s t e d ,  20,OCO second-feet p v e  t h e  worst 
ccndi t ions .  This t e s t  was nct repeated cn t h e  recommended d e s i m ,  as 
it was indica ted  t h a t  t h e  5-foot a d d i t i o n a l  apron l e n r t h  would se rve  t o  
inprove condit ions by l engthenin?  t h e  cushioning pool between t h e  sills. 
Lnless  t h e r e  was severe  r e t r o n r e s s i c n  of  t h e  r iverbed,  t h e  s i l l  on t h e  
s l cp inq  apron would always be submerued when water  was flowing. 

The a r t i c u l a t e d  apron desi-n was abandoned when a s o l i d  s lon ing  
apron !ave equal r e s u l t s  d o n ?  t h e  c e n t r a l  por t ion  of t h e  sp i l lwsy  and 
when it seeriied impossiSle t c  adequately p ro tec t  t h e  abutments by us inq  

I 
t h e  narrow apron s e c t i c n .  A l e v e l  epron extendinq 30 f e e t  downstream 
w a s  t e s t e d  t o  save t h e  excavat ion r e q ~ i r e d  i n  construct ing.  t h e  s l o p i n g  
des im.  This  was no t  s a t i s f a c t o x y  a s  t h e  m a x i m  depth of s cour  noved 
upstream nearer  t h e  aprcn causing a much s t e e p e r  s lope  of t h e  r iverbed  
iiiediatel:.r dow.strecun fro51 t h e  s i l l .  Ar t i cu la t ed  sec t ions  and s o l i d  
ex tens icns  belox t h e  r i z h t  abutment ( ~ i g ~ r e  21) w e r e  of no bene f i t ,  and 
t h e  25-foot slopinp, apron wi th  t h e  3-foct Rehbock s i l l  was aca in  
i n s t a l l e d .  11 l e v e l  extension downstream and t c  t h e  l e f t  of t h e  r i y h t  
abutzent  with a t r a p e z c i d a l  s i l l  along i ts  edges proved adequate when 

DI t h e  rr,odel was operated a t  13G,OCO second-feet f o r  2-1/22 hours. The 
rna?dnun depth of scour  which reached e l eva t ion  2159 occurred some dis- 
t ance  downstream. S l i n h t  improvement was obtained below t h e  i n t a k e  
when a s h o r t  l eng th  o f - t h e  3-foot t r a p e z o i d a l  s i l l  was placed at t h a t  
end of t h e  apron. Conditions i n  t h i s  req ion  were sti l l  severe  but were 
not  considered s e r i o u s  because borings made dur ing  t h e  o r i g i n a l  construc- 
t i o n  of t h e  dam ind ica t ed  s o l i d  rock i n  t h i s  region. 

After  t h i s  d e s i , ~  had proven s a t i s f a c t o r y  f o r  130,000 second-feet, 
t h e  l abora to ry  yump was reworked f o r  hi,?her speed, and t h e  model was 



a t  t h i s  f low but no c r i t i c a l  chanae occurred. The desiqn was c t~ns idered  
s a t i s f a c t o r y .  The model was then  operated a t  var ious  d ischaraes  t o  
i n v e s t i g a t e  t h e  ccnd i t i cns  throughout t h e  f lood ranpe. Very d e s i r a b l e  
r e s u l t s  were obtained ad3aeent t o  a l l  p a r t s  of t h e  s t r u c t u r e  except t h e  
i n t a k e  sec t ion .  The r i p r a p  dohnstream from t h e  apron i n  t h i s  r e ~ i o n  
washed downstream a t  60,000 second-feet, and t h e  condi t ions  became more 
severe  as t h e  f low was increased t o  150,000 second-feet when a l a r g e  a r e a  
of t h e  model f loo r ,  e l eva t ion  2151, was exposed ( ~ i q u r e s  22 and 23). 

This  condi t ion  seemed objec t ionable  un le s s  t h e  rock su r face  below 
t h e  in t ake  s e c t i o n  was  s o l i d  and nea r  t h e  e l e v a t i o n  shown by b 0 r i n ~ s  made 
i n  1905. Because of t h e  unce r t a in  composition of t h e  foundat ion and 
because of t h e  unknowri.depth and ex ten t  of t h e  rock sur face ,  t e s t s  f o r  
improvement were made assuming a r iverbed (composed) e n t i r e l y  of   ravel 
and boulders.  The first at tempt involved extensions similar t o  those  
used below t h e  r i g h t  abutment t o y e t h e r  with var ious  s i l l  a r r an~emen t s .  
Kone of t h i s  type proved e f f e c t i v e  s o  o t h e r  methods were t r i e d .  

The t o p  of t h e  i n t a k e  s e c t i o n  was r a i s e d  above t h e  water su r face  
f o r  150,OCO second-feet. This  cn ly  served t o  accentua te  t h e  l a r g e r  eddy 
which formed below t h e  i n t a k e  s e c t i o n  and caused t h e  e ros ion  t o  occur  
more r ap id ly .  A wall extended alongside t h e  i n t a k e  t o  t h e  end of t h e  
apron made very  l i t t l e  d i f f e rence .  These t e s t s  i n d i c a t e d  t h a t  t h e  scour  
could be mininized only  by el iminat inc:  t h e  v i o l e n t  eddy and t h e s e  walls 
were rer~oveb. The l e f t  downstream w a l l  of t h e  i n t a k e  was replaced by a 
warped x a l l  extendinz 27.75 f e e t  downstrean: from t h e  end of t h e  apron. 
The condit ions were somewhat inproved hut  no t  s u f f i c i d n t  t o  warrant  t h e  
c o s t  of t h e  chan-e i n  t h e  wall. 

S tud ie s  of t h e  flow dohnstream fror .  t h e  s e c t i o n  indica ted  t h e  
f c m a t i c n  c f  two d i s t i n c t  prisms of water,  cne below the  spil1wa:r where 
t h e  f l o ~  r .~ov~d s w i f t l y  .lownst~.em. a t  a low e l evz t ion ,  t h e  o t h e r  !:elo~r t h e  
i n t a k e  vhere 2 h iche r  t a i l~ : a t e l*  f c m e d  due t o  t h e  decreased q u a q t i t y  of 
water  per  foo t  passin: over  t h e  s l ~ l i c e  s e c t i o n  o f  t h e  in take .  This  l a t t e r  
prism, or 'body c f  water, havin.: a su r face  h igher  than %he f i r s t  crowded 
t o  t h e  r i ~ h t  and directerf t h e  e d , ~ e  cf t h e  fast-novinr* j e t  a long the' 
r iverbed  c a ~ s i n g  deep scour.  

Apparently a sepz ra t ion  of t hese  two prisms u n t i l  they  reached 
a p p r ~ ~ a t e l y  t h e  same t a i l w a t e r  e l eva t i cn  w c ~ l d  l e t  each 9 s s  unrnclested 
d0hTLstreaCl and prevent crowding of t h e  high-velocit?: j e t ,  t hus  roinirxizing 
erosior,  fro:: t h i s  source. An i n t enced ia t e  t r a i n i n c  wall seexed t h e  
l i k e l y  sc lu t ion ,  and one of excessive l eng th  and 1P inches ?rotot,ype 
th ickness  w a s  i n s t a l l e d  ( ~ e s t  36) d i r e c t l y  downstream f r c c  t h e  r i s h t  w a l l  
of t h e  i n t a k e  s t n c t u r e  (~i,yure 24). This  w a l l  separa ted  t h e  two bodies  
of water, as ant ic ipa ted ,  p r a c t i c a l l y  e l i r i n a t i n q  t h e  edd:; next  t o  t h e  
bank and producin3 about  t h e  sane depth and s lope  of e ros ion  on t h e  r i n h t  
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por t ion  of t h e  spi l lway.  ~ e e p s r  s c o u r  occurred on t h e  l e f t  s i d e  of t h e  
wal l  which ;;as a t t r i b u t e d  t o  t h e  cur rent  d i r e c t e d  aga ins t  t h e  wall by 
t h e  warped aprcn f l o c r  of t h e  i n t a k e  s t r u c t u r e ,  The e x i s t i n q  protot.vpe 
design dovmstream froc! t h e  l e f t  i n t ake  ;fall was r e i n s t a l l e d  3r.d t h e  end 
of t h e  apron f l o o r  was lorisred t o  e l eva t ion  2172.2 ad jacent  t o  t h e  wal l  
t o  prevent undercut t ine  of t h e  f o o t i n 2  durinn ccns t ruc t ion  ( ~ i g u r e  24). 
d s e c t i o n  of  t h e  3-foot denta ted  s i l l  was placed a t  t h e  end of t h e  apron. 
This a l t e r a t i o n  el iminated t h e  concent ra t ion  a r a i n s t  t h e  l e f t  s i d e  of t h e  
in termedia te  wall and l e s s  e ros ion  r e s u l t e d  even thouph t h e  w a l l  seerced 
too  low. 

Af ter  t h i s  scour-rcinimizing xethod was developed, t h e  problem of 
obta in ing  t h e  1:~cst economical s i z e  of w a l l  was s tudied .  The w a l l  was 
r a i sed  t o  prevent i n t e r f e r e n c e  by water flowincr over t h e  'top cnto t h e  
sp i l lway j e t  and shortened 22 f e e t  t o  a  point  ( ~ e s t  37) where t h e  d i f -  
fe rence  i n  water depth a l o n , ~  t h e  two s i d e s  of t h e  w a l l  was about 1 f o o t  
prctotype at t h e  dohnstream end. The 3-foot Rehhock s i l l  w a s  moved 
upstream u n t i l  t h e  f r o n t  f ace  was a t  t h e  corner  of t h e  l e f t  i n t a k e  w a l l  
( ~ i q u r e  24) .  The r e s u l t s  were s u b s t a n t i a l l y  t h e  same as with t h e  longer  
wall. ilowever, t h e  eddy along t h e  bank became s l i r h t l y  more pronounced 
and crowded t h e  flow from t h e  i n t a k e  s t r u c t u r e  toward t h e  wall causing 
s l i ~ h t l y  more eros ion  on t h a t  s i d e  than  on t h e  sp i l lway s ide .  

The f a c t  t h a t  t h i s  i nc rease  was at  t h e  downstream end ind ica t ed  t h a t  
t h e  wall cculd not  be shortened,  e s p e c i a l l y  st t h e  base. The water sur -  
f ace  on t h e  i n t a k e  s i d e  seldom reached t o  wi th in  2  f e e t  sf t h e  top,  and 
t h e  wall was lowered f c r  t h e  next t e s t .  With t h e  downstream limit de te r -  
r i ned ,  a t t e n t i o n  was t r a n s f e r r e d  t c  t h e  upstream end. .The walls previous ly  
t e s t e d  were cans t ruc ted  p a r t l y  on t h e  e r i s t i q  prototy-ge apron. A s  t h i s  
complicated t h e  cons t ruc t ion ,  t h e  wall tias cut  v e r t i c a l  a t  t h e  junct ion 
of t h e  new and old cons t ruc t i cn  and t h e  upstream end ~ i v e n  t h e  shape of a 
parabol ic  p i e r  nose ( ~ e s t  38) .  The t c p  of t h e  w a l l  was cu t  cn a  s lope  
making it s i m i l a r  t o  t h e  d e s i m  obtained k.jr ~ l o d e l  s t u d i e s  f o r  t h e  t r a i n i n g  
wal l s  on t h e  l i a r sha l l  Tcrd 3 m  ( ~ i q u r e  24). The wa l l  was overtopped 
s l i g h t l y  at  150,L00 second-feet, but  t h i s  a r r a n ~ e m n t  gave ~ o c d  r e s u l t s  
with t h e  :lehbcck s i l l  i n  ?lace. The necess i ty  of t h i s  si3.1 w a s  c l e a r l y  
shown when i t  was replaced !:i t h e  t r a p e z o i d a l  shape and t h e  cond i t i cns  
became co re  severe  below t h e  i n t a k e  s e c t i o n  ( ~ i , ~ r e  25). 

A 2-hour run a t  150,000 seccnd-feet produced more scour than i n  
previcus t e s t s .  The wal l  %as rev ised  and lengthened 10 f e e t  s o  t h a t  i t s  
t o t a l  l e n ~ t h  keca9e 69 f e e t  and the 2-hour run was repeated. Favorable 
r e s c l t s  occurreci, e s p e c i a l l y  when ccnpared with a  s i m i l a r  run us in?  no 
wall ( ~ i ~ u r e  26).  This  in te rmedia te  >:a21 ( ~ e s t  38, F i w r e  24) was recola- 
nended i n  t h e  event t h e  rcck foundat icn near  t h e  i n t a k e  s e c t i o n  prcved 
unsound o r  %as found t o  t-e a t  a lcwer e l eva t ion  than ind ica t ed  by t h e  
borings made i n  19C5.  
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Figure 26 

A. Wi%hout intermediate training w a l l  

B. With intermediate training wall 

1: 48 MODEL 
RIVER BED AFTER DISCHARGE OF l50,OOO SECOND-FEFT FOR 2 HOURS (MODEL) 

NITH TAJLWlZZ 4-3333 BELOW MINlMUM ESTlMATED 



Large objec ts ,  such a s  t h e  d isplaced sec t ion  of the  .or in inal  darn, 
should n o t  be l e f t  immediately dohnstream frcm a dam similar t o  the  one 
discussed.  Undermining a t  t h e  cpstream s i d e  of such an ob jec t  w i l l  occur, 
ar.6 tile o b j e c t  i s  l i k e l y  t c  move upstream t o  d.w.a~e t h e  t o e  of t h e  dam. 

A major f a c t o r  causin.: f a i l u r e  o f  t h e  orit-inal dm was d u e  t o  
piping r e s u l t i n e  from severe scour at  the  ~ p s t r e a m  face  of t h e  d a n .  This 
condit ion was shown on t h e  nodel, but  was inyoss ik le  t o  o5serve on t h e  
prototype. 

The bes t  protec t ion  upstream from t h e  dam consisted of a blanket of 
r i p r a p  25 f e e t  wide and 3 f e e t  deep placed alonq the  e n t i r e  lenrlth of t h e  
spi l lway ( ~ i * r e  30). . 

Protec t ion  f o r  the  downstream p a r t s  of t h e  dam ccnsidered bes t  
p r i o r  t o  t h e  1937 flood and hased on unifcrm flow over the  snillway con- 
s i s t e d  of a 30-foot apron with a 2-foot Rehbock s i l l  a t  the  end. I.:inimurn 
scour was obtained downstream from t h e  end of t h e  anron and along t h e  
cutoff  w a l l  of the r i c h t  abutment by extending t h e  unstream p o r t i e n  of 
t h e  abutment 25 f e e t ,  extendinn t h e  apron i n  t h i s  area, and usin,q a 
,!,-foot i n s t e a d  cf a 2-foot Rehbock s i l l  (F'iupre 27). 

The b e s t  redesign f o r  dam protec t ion  dowr.strean: a f t e r  t h e  1937 flood 
consisted of:  

a. k 25-fact s loping apron extension with a 3-Scot- 
Rehbock s i l l  i n  the  s f i l lway  sec t ion  ( ~ i y r e  30) 

b. A sec t ion  of l e v e l  apron, with a 3-foot t r apezo ida l  
s i l l ,  extended dchnstream from t h e  r i e h t  abutment 
( ~ i g u r e  30) ,  and 

c . An in temedia te  t r a i n i n  F w a l l  i r z ~ e d i a t e l y  
downstream f r c n  the r i g h t  wall cf t he  ' intake 
s t ruc tu re .  T h i s  wall is  required only of t h e  
rock foundation i n  t h i s  a rea  i s  proved unsound 
o r  i s  a t  a lower e l eva t ion  than irldicated by 
the  borinys made i n  1905 

Slight; negative-crest  pressures,  t h a t  occur a t  25,CCO and 
50,COO second-feet flow, a r e  n o t  considered se r i cus .  
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